Introduction
In systems of integrated optics of much importance is the way in which light is introduced into and out of an opti− cal waveguide. The most popular ways of introducing opti− cal modes into and out of planar waveguides are applica− tions' prismatic couplers [1] [2] [3] . A possible solution is also the application of an input−output system in the form of Bragg's grating couplers [4, 5] . The advantage of grating couplers is the possibility of producing them as an integral part of the system of integrated optics. In the case of wave− guide structures, grating couplers are obtained in the form of periodical disturbances of the planar waveguide refractive index with the spatial period L [6] . Periodical disturbances are induced, among others, by chemical etching or ion etch− ing of periodical grooves in a waveguide layer [7, 8] or by means of mechanical impressing of a diffraction pattern in a waveguide layer, as well [1, 2] . The efficiency of coupling light using the grating structure depends on many material and geometrical factors and the construction of input−output gratings is a technologically difficult process. The construc− tion of grating couplers by means of a trial and error method is very expensive and labour consuming. Therefore, it is im− portant that their constructions should be preceded by nume− rical analyses of the influence of grating couplers parameters on coupling optical modes into or with the waveguides.
FDTD method for planar waveguides' analysis
An important matter is the choice of an adequate numerical method for the purpose of analysing an integrated optic structure. In such analyses the FDTD method has found wide application [9, 10] .
The fundamentals of FDTD go back to 1966 when Kane Yee's paper [9] was published in which the author sugges− ted the mechanism of solving Maxwell's equations in a form of so−called time steps [11] . The author proposed a method of discretizing the electromagnetic field. In the case of 2D structures two types of modes are considered, viz. Transverse Electric (TE) and Transverse Magnetic (TM). The TE mode analysis idea is presented below. According to Maxwell's theory, the electromagnetic field in planar structures is presented as a set of equations (in the analysis the modes propagate in the direction z) ¶ ; ; and (1) where e 0 is the dielectric permittivity in vacuum, e r is the relative permittivity of the material, m 0 is the magnetic per− meability of the vacuum.
In the FDTD method the central difference approxima− tion is used to determine the components of electric and magnetic fields [9, 10] . Assuming, that the electric field E y is calculated for the entire time step and the magnetic field (H x , H z ) for only a half of that, the component E y of the field is calculated basing on the following equation [11, 12] 
, , Analogically, the remaining components of the electro− magnetic field for the polarization TE and TM are deter− mined. In the case of the FDTD method an adequate magni− tude of the step must be assumed, by means of which the modelled structure can be discretized. In the case of a 2D structure, the following conditions have been suggested in literature [11, 12] 
where: Dx, Dz are the magnitude of the calculation step in the direction x and y, respectively; n max is the maximum value of the refractive index; l min is the minimal value of the optical wavelength. The mesh step determines the maximum time step at which the calculations can be accomplished. In order to warrant stability condition of the FDTD method, the stabi− lity Courant−Friedrichs−Levy condition (CFL) has been con− sidered which for the 2D structure takes the form of [11] 
where: Dt is the time step, v is the velocity of light in the analysed medium.
The results of the analyses of planar waveguides analy− ses presented below were obtained by means of the FDTD method.
Optical light couplers for planar waveguides
For the purpose of numerical analysis a waveguide structure was designed and optimized in the system of integrated optics composed of a planar waveguide and an input−output system in a form of optical couplers.
In the course of the first stage the thicknesses of wave− guide layers of mono− and multi−mode planar waveguides were determined after which the parameters of grating cou− plers were optimized. Figure 1 presents the results of the planar waveguide analysis with the wavelength l = 677 nm concerning various thicknesses of a waveguide layer. (In the structure the refractive indices concern: the substrate n s = 1.51, the waveguide n w = 1.87 and the cover n c = 1.00).
Prism coupler
Optical power can be transferred from the environment (air) into the waveguide (as mods) if the so−called coupling con− dition is satisfied [2, 13] .
Most popular is a prismatic coupler which realizes power transfer between a collimated free space beam from laser and a guided mode in a waveguide.
For the prismatic coupler the condition of coupling can be written as [13] 2 2
where: n p is the refractive index of the prism, q is the angle of incidence on the upper boundary plane of the waveguide (see Fig. 2 ), b w is the effective propagation constant in the waveguide, N eff is the effective refractive index of the waveguide mode. The effective refractive index N eff for the waveguide mode can be calculated concerning the synchronous angle of Eq. (6) [1, 14] 
where: n p, n c are the refractive indices of the prism and clad− ding, d is the breaking angle of the prism, j is the angle of incidence of the light beam on the prism determined to normal. The coupling condition [Eq. (5)] can be used by researches to check how changes N eff of the guided mode at a given angle of incidence of this mode on the wavelength or how changes the angle of incidence q at a given wave− guide and modify the parameters for which mode is coupled into the waveguide. The coupled optical power in a wave− guide is registered in the form of a peak [ Fig. 3(a) ]. Experi− ments show that the width in the angle domain becomes broader if the attenuation of a guided mode is higher. The width of the peak depends also on coupling strength which is used to couple well the waveguide and the prism [12, 15] . The phenomenon of coupling is reversible (which means that at the same angle light is maximally coupled into the waveguide as light is out−coupled from the waveguide to the prism). The optical propagating mode can be detected by using the second prism (see Fig. 2 ), if only the waveguide length permits to use two prisms. As each prism is a 3D ele− ment, the planar waveguide with prisms is a spatial (3D) structure. The experimental characteristics presented in Fig. 3 (a) were determined for a TiO 2 waveguide with the parameters: n w = 1.87; d w = 290 nm deposited on a BK7 glass substrate with n s = 1.51 and the wavelength l = 677 nm. The angle of incidence of the light onto the prism is determined with respect to the normal direction to the lateral surface of the prism. The prism coupler was made of a BGO (bismuth− −germante oxide) crystal with the refractive index n p = 2.54. The surface topology of a TiO 2 waveguide is presented in Fig. 3(b) . The efficiency of the light coupling into a planar waveguide by means of a prism in practice seldom exceeds 50% [1] .
Grating coupler
In integrated optics much interest is paid to input−output systems in the form of grating couplers [2, 15] . Grating cou− plers can also be used as sensing elements in sensor struc− tures [2] . An advantage of grating couplers is the possibility of producing them as an integral part of integrated optic cir− cuits. In the case of planar waveguides grating couplers are made as periodic disturbances of the refractive index of a waveguide with the spatial period L (see Fig. 4 ) [16] [17] [18] .
If a planar grating coupler is used as an input−output ele− ment of light energy propagation in the waveguide struc− ture, the following condition ought to be satisfied [2, 5] 
where: b c , b w are the propagation constants in the environ− ment and in the structure, respectively; n c , n w , n s are the re− fractive indices of: environment (cladding), waveguide layer and substrate, respectively; L is the spatial period of the grating, m is the order of diffraction, q is the angle of the light beam incidence relative to the normal direction [ Fig.  4(a) ]. Equation (7) permits to determine the input and output angle of light into and out of the structure as a function of the effective refractive index and the order of diffraction. Equation (7) is also the base of the operation of some sensor systems basing on grating couplers [5, 6, 18, 19] 
The idea of a waveguide structure with grating couplers is illustrated in Fig. 4 .
Within the range of a grating coupler with the spatial period L, the optical energy passes both into the waveguide layer and its environment as well as into the substrate. The propagation geometry is to be seen in Fig. 4(b) . The effect of the optical energy rating radiated by means of the struc− ture of a grating coupler with respect to the groove depth d s was analysed. For the purpose of numerical modelling, the following initial parameters have been assumed: optical wavelength l = 677 nm, refractive index of the environment n c = 1.00; refractive index of the waveguide layer n w = 1.87, refractive index of the substrate n s = 1.51. Such optical parameters are characterized by an optical structure consist− ing the TiO 2 waveguide deposited on BK7 glass. 
Results of numerical analyses
The characteristics of the effective refractive index N eff of a planar structure in the function of the thickness d g of the waveguide layer permits to determine the number of modes which can propagate inside it. In the case of a situation ana− lysed in Sect. 3, the planar waveguide is a single−mode one if the waveguide layer thickness becomes d w £ 400 nm. But in the case of d w > 400 nm such a structure forms a multi− mode planar waveguide (Fig. 1) .
Further on, the analysis of the Bragg's gratings pre− sented for the thicknesses of waveguide layers d w = 600 nm has made it possible to optimize the affectivity of introdu− cing light into the structure and to induce it as a function of the periodical depth of grating grooves. In the case of a structure with the thickness d w = 600 nm we obtain two couple modes TE 0 , TM 0 and TE 1 , TM 1 (Fig. 1) . The results of numerical analyses of couplers with the spatial period L = 2.0 μm, the ridge width w r = 1 μm, the groove width w g = 1 μm and the thickness of a waveguide layer d w = 600 nm are presented in Figs. 5 and 6, respectively. In numerical analy− sis distributions of modal field were determined correspond− ing to the appropriate modes: TE 0 , TE 1 , TM 0 or TM 1 for the wavelength l = 677 nm. The power of an electromagnetic wave in each of the distributions of the modal fields was P = 10 mW.
For the TE 0 and TE 1 optical power radiated into the sub− strate and into the cladding from grating coupler is pre− sented in Figs. 5(a) and 5(c) . At the depth of the grating grooves d s »130 nm the maximum values of the optical power are radiated to the substrate. If the optical power ought to be emitted effectively to the cladding, the depth of grating grooves should be d s »150 nm. This situation is pre− sented in Fig. 5(a) .
The optimal depths of grating grooves are essentially different for TE 0 We have to note clearly, that for various modes the con− ditions of the optimal output of light from the grating cou− pler to the substrate and to the cladding are realized at differ− ent depths of grating grooves. It is also interesting that the affectivity of out coupling might be higher for TE 1 and TM 1 modes than for TE 0 and TM 0 ones.
The grating coupler made in TiO 2 layer has been pre− sented in Fig. 7 .
The technology of the elaborated optical grating cou− plers and the results of their investigations will be published in the nearest future.
Conclusions
The main aim of the numerical investigations presented above was to optimize the grating coupler made in a TiO 2 layer from the viewpoint of the input and output of light modes into and from the structure of the planar waveguide. Another aim was to discern the possibilities of applying the finite diffraction time domain (FDTD) method for the pur− pose of modelling structures of integrated optics. Numerical investigations lead to the conclusion that in the case of multi−mode planar waveguides with the refractive index n w »1.87, the thickness d w »600 nm and the wavelength l = 677 nm, the optimal depth of the grating couplers grooves for TE 0 and TM 0 modes is at the level of about d s »140 nm for the introduction of light into waveguide struc− tures. In the case of TE 1 and TM 1 modes, the optimal depth of the grating coupler grooves is smaller viz. about d s »50 nm for the introduction of light into the structure.
Numerical modelling has made it also possible to find out that in the case of modes of higher orders (TE 1 , TE 2 ,...) the first maximum of coupling is attained at smaller periodi− cal thicknesses of the grating couplers than in the case of modes of lower orders.
The investigations within this paper indicate that for multimode waveguides in the first approximation it may be said, that for the optimal coupling modes of zero orders into the substrate the depth of grooves of the grating coupler ought to amount to »25% of a waveguide layer thickness. In the case of good coupling modes of higher orders, the grooves' depth of the grating coupler ought to be smallerabout »10% of a waveguide thickness. These conclusions are similar to those obtained for grating couplers made in ZnO waveguides and presented in Ref. 8 . The accomplished numerical investigations have also confirmed the applicability of the FDTD method in the anal− yses of structures of integrated optics -including grating couplers.
